The paper describes the application of a new Water Accounting Plus (WA+) framework to produce spatial information on water flows, sinks, uses, storages and assets, in the Indus Basin, South Asia. It demonstrates how satellite-derived estimates of land use, land cover, rainfall, evaporation (E ), transpiration (T ), interception (I) and biomass pro-5 duction can be used in the context of WA+. The results for one selected year showed that total annual water depletion in the basin (502 km 3 ) plus outflows (21 km 3 ) exceeded total precipitation (482 km 3 ). The deficit in supply was augmented through abstractions beyond actual capacity, mainly from groundwater storage (30 km 3 ). The "landscape ET" (depletion directly from rainfall) was 344 km 3 (69 % of total consumption). "Blue 10 water" depletion ("utilized flow") was 158 km 3 (31 %). Agriculture was the biggest water consumer and accounted for 59 % of the total depletion (297 km 3 ), of which 85 % (254 km 3 ) was through irrigated agriculture and the remaining 15 % (44 km 3 ) through rainfed systems. While the estimated basin irrigation efficiency was 0.84, due to excessive evaporative losses in agricultural areas, half of all water consumption in the basin 15 was non-beneficial. Average rainfed crop yields were 0.9 t ha −1 and 7.8 t ha −1 for two irrigated crop growing seasons combined. Water productivity was low due to a lack of proper agronomical practices and poor farm water management. The paper concludes that the opportunity for a food-secured and sustainable future for the Indus Basin lies in focusing on reducing soil evaporation. Results of future scenario analyses suggest 20 that by implementing techniques to convert soil evaporation to crop transpiration will not only increase production but can also result in significant water savings that would ease the pressure on the fast declining storage.
The large transboundary Indus Basin with many challenging water problems (Qureshi, 2011) was selected to illustrate the WA+ applications. The fundamental data on water sources and flows in basins such as the Indus Basin are either missing or not accessible. The size of the basin, budget constraints and its transboundary nature hamper the establishment of a comprehensive measurement network. For example, in 25 the Indus Basin less than four rain gauge stations are available per 10 000 km 2 . The situation is worse for in-situ soil moisture and evapotranspiration measurements. Information on land use and crop rotation systems is similarly scant. Available databases are old, coarse and do not cover the entire basin. Satellite-derived data can improve 12923 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | such inadequacies. The application of WA+ in the Basin is described using an "accounting period" of one year. The year 2007 was selected due to availability of Remote Sensing (RS) data (Cheema, 2012) . The objective of this paper is thus to demonstrate how WA+ can contribute to describing the water resources conditions of the Indus Basin in a manner that will enrich the knowledge base of all public institutes involved. 5 The paper also aims at providing some alternative solutions to the water problems encountered in the basin using the WA+ framework as an umbrella. The paper demonstrates that satellite measurements are a solid source of information to transboundary river basin management.
2 The Indus Basin 10 The Indus Basin is 1 160 000 km 2 in total. It is shared by Pakistan, India, China, and Afghanistan, each respectively occupying 53, 33, 8, and 6 % of the basin area. With a population of about 250 million the basin is among three major highly populated river basins in South Asia alongside Ganges and Brahmaputra Basins. The climate is primarily arid and semi-arid. Hence rainfed agriculture is insufficient to feed the growing 15 population, and food production relies on irrigation. The basin is home to one of the biggest and most intensive irrigation schemes in the world: the Indus Basin Irrigation System (IBIS) with an estimated command area of approximately 16 000 000 ha. Including the Indian part of the Indus Basin, the total irrigated area is 26 000 000 ha, which is 22 % of the total area of the basin. 20 The basin hydrology is complex due to the high variability in climatic and geomorphic features (Cheema, 2012) . The basin population is highly dependent on extensive irrigation agriculture, which has long ago exceeded the threshold for sustainable water consumption (Habib, 2000) . The irrigation practices run on the expense of rapidly decreasing groundwater resources (Qureshi, 2011) . Siebert et al. (2010) and Wada et al. (2010) indicated independently that the Indus Basin has one of the most over-exploited groundwater systems worldwide. Besides the unsustainable use of groundwater, the other major challenges that the basin faces include the increasing gap between supply and demand, water logging in poorly drained areas, climate change impacts, environmental degradation, soil salinization, and above all, political disagreements among riparian countries (Qureshi, 2011) . 
Land use and land cover
Land Use and Land Cover (LULC) affect the water balance, as well as the benefits and services for society and for the environment. Spatially distributed information on LULC is thus the key information required by WA+. Whereas LU relates to a specific use of land (e.g. production pasture), LC describes the physical state of that particular land 10 surface (e.g. grass). There are a number of global and regional land cover databases based on remotely sensed data using different algorithms (e.g. Bartholomé and Belward, 2005; Bontemps et al., 2010; Friedl et al., 2010; Thenkabail et al., 2005) . These products mainly provide LC data and information related to LU is limited.
An existing LULC map of the Indus, developed by Cheema and Bastiaanssen (2010), 15 was used for this study. It is based on the seasonal phenological variations of 27 classes from temporal profiles of NDVI from SPOT-Vegetation. Different crop classes were identified and verified through ground truth campaigns. The LULC classes were then re-grouped into four major clusters that differed in terms of water management: Conserved Land Use (CLU), Utilized Land Use (ULU), Managed Land Use (MLU) 20 and Managed Water consumption (MWU). The area under CLU is 83 081 km 2 , ULU is 612 184 km 2 , MLU is 174 100 km 2 and MWU is 278 279 km 2 . WA+ uses LU information on (i) irrigated areas, (ii) rainfed areas, (iii) forests, (iv) savanna and (v) pastures. Since WA+ treats natural water bodies differently from man-made reservoirs, the LC class "water bodies" is divided into LU (i) natural wa-25 ter bodies and (ii) reservoirs. In WA+, natural water bodies are classified as Utilized 12925 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Land Use whereas reservoirs belong to the group Managed Water Use. To define protected areas, the International Union for Conservation of Nature (IUCN) and United Nation Environment Programme (UNEP) database for protected areas was used. These bodies publish digital boundaries of Conserved Land Use classes (e.g. http://www.protectedplanet.net/). 
Precipitation
WA+ uses gross precipitation as the primary input. Precipitation products such as the Tropical Rainfall Measurement Mission (TRMM), the Climate Prediction Center Morphing Technique (CMORPH) (Joyce et al., 2004) , the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN) (Sorooshian 10 et al., 2000) , provide freely available global precipitation data with different spatial and temporal resolutions.
Rainfall data from the calibrated TRMM map was used for this accounting procedure. Cheema and Bastiaanssen (2012) calibrated TRMM rainfall for Indus Basin with two methods including (a) a regression analysis against rain gauges and (b) a Geograph-15 ical Differential Analysis (GDA). Using Nash-Sutcliffe efficiency (NSE) and standard error of estimates (SEE) they concluded that calibration with the GDA method resulted in a closer correlation with rain gauge data than a simple regression equation. Both calibrations in general showed a reasonable accuracy however (NSE > 0.8). The quality of the GDA method is highly dependent on the distribution of rain gauges in the net-20 work. In the Indus Basin the majority of stations are located in the low altitude plains whereas most of the precipitation occurs in the mountainous un-gauged part of the basin. The GDA method is thus likely to underestimate rainfall in the northern mountains and highlands. For these reasons, and to overcome the issue of underestimation of the rainfall by the GDA method, a new map was produced which combines the result 25 of the two calibrations. The resulting map is shown in Fig. 1a . The annual rainfall in the basin (using this method) was 415 mm yr −1 (i.e. a volume of 482 km 3 ) in 2007. Laghari et al. (2012) reported an average long term annual precipitation in the Indus Basin of 446 to 497 km 3 based on two datasets (GWSP, 2008; Hijmans et al., 2005) and figures provided by various authors (Immerzeel et al., 2010; Karim and Veizer, 2002; Mitchell and Jones, 2005) . The range compares well with our estimate especially seeing that 2007 was a wet year (PBS, 2008) . 5 Various methods and algorithms to estimate actual evapotranspiration (ET) through satellite measurements have been developed over the past decades. Methods such as SEBAL (Bastiaanssen et al., 1998) , SEBS (Su, 2002) , TSEB (Norman et al., 2000) , METRIC (Allen et al., 2007) , Alexi (Anderson et al., 2007) and ETWatch (Wu et al., 2012) , amongst others are used widely to estimate ET and are increasingly accepted 10 (e.g. Kalma et al., 2008; Verstraeten et al., 2005) . Products such as MOD 16 (http: //modis.gsfc.nasa.gov) offer daily ET data at 1 km 2 resolution that can be downloaded by users for free. For this accounting exercise, ET data of the Indus Basin for 2007 was produced using the new ETLook algorithm (Bastiaanssen et al., 2012) . ETLook is a two-layer surface 15 energy balance model that adopts microwave-based soil moisture data to solve the partitioning of net radiation into latent heat flux, sensible heat flux and soil heat flux. ETLook computes evaporation (E ) and transpiration (T ) separately using Leaf Area Index to partition total net radiation into canopy and soil components. ETLook also provides spatially distributed data for interception (I) and a special subroutine for open 20 water evaporation. Figure 1c The ETLook model also computes biomass production. The magnitude of transpiration (T ) is used together with the Absorbed Photosynthetic Active Radiation (APAR) and Light Use Efficiency (LUE) to compute biomass production of vegetation, see Fig. 1b .
Evapotranspiration and biomass production

Storage change
WA+ divides total water storage in a river basin into three groups namely surface water 5 storage, groundwater storage, and glacier reserves.
Surface water storage
Information on surface storage changes (∆S sw ) is traditionally available from dam operation agencies. Surface storage changes in the main reservoirs for this study were estimated by coupling water level fluctuation data with the size of the reservoir (see Table 1). A total ∆S sw of 9.4 km 3 was calculated for 2007 with most water released from Pony reservoir. Remote sensing techniques are increasingly being utilized to estimate water level and water volume changes in reservoirs (e.g. Birkett and Beckley, 2010; Zhang et al., 2011) .
Groundwater storage 15
Information on groundwater storage at basins scale is limited. Changes in storage can be obtained from gravitational satellites such as the Gravity Recovery and Climate Experiment (GRACE) (e.g. Frappart et al., 2011; Henry et al., 2011) . While this new source of data is appealing, the accuracy of GRACE data is to be improved to make it a reliable product for monitoring groundwater changes at the basin scale (e.g. Tang 20 et al., 2010) . Hydrological models simulate vertical and horizontal groundwater movements with discretized cells (e.g. Siebert et al., 2010; Wada et al., 2010) which then provides estimates of storage change. But these numerical models use gross assumptions about local groundwater withdrawals and are thus not very reliable. Data on withdrawals are classical obtained from tube well density, electricity bills, farm interviews and changes in ground water levels (e.g. Ahmad et al., 2005) . This unfortunately does not provide a reliable and reproducible data set either. Despite heavy utilization of groundwater in the Indus, direct measurements on groundwater change remain limited. The WA+ offers the possibility to estimate total bulk groundwater storage change through mass conservation of the water balance. This is only feasible if ET data is avail-5 able, because ET is usually computed as the residual term in the water balance. Measured outflow is used to back calculate total groundwater storage change by closing the water balance. It appears that an amount of 29.8 km 3 was extracted from groundwater storage during 2007. 10 Glacier and snow melt are major contributors to river flow. The glacier area in the Indus Basin is estimated at 22 127 km 2 (Immerzeel et al., 2010) . Bolch et al. (2012) estimated the annual specific mass balance of Himalayan-Karakoram glacier to be around −0.5 m per year during the last decade. Based on findings of Fowler and Archer (2006) , the Karakoram glacier with an area of 18 000 km 2 is believed to be stable. The change in 15 glacier storage over an area of 4127 km 2 (22 127 − 18 000) will yield an annual streamflow of 2.1 km 3 (4127 × 0.5 × 0.001 = 2.1) (W. W. Immerzeel, personal communication, 2012) . Information on glacier storage change in a specific year is scant. We therefore used an average annual estimate as representative for 2007 in this study. 
Glacier and snowstorages
WA+ sheets for the Indus Basin
Resource base sheet
The WA+ resource base sheet for 2007 is presented in Fig. 2 . The net inflow is 523 km 3 of which 482 km 3 originates from precipitation. The remaining 41 km 3 is derived from fresh water storage. As described above, the major share of storage decline is ascribed 12929 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | to groundwater extraction (29.8 km 3 ) followed by 9.4 and 2.1 km 3 loss of storage from surface reservoirs and glaciers respectively. Inter basin transfer does certainly occur underground via the quaternary upper tertiary deposits. The amounts are however difficult to quantify and are assumed to be small in comparison to other water balance components. Due to the absence of docu-5 mented estimates on groundwater outflow to the sea -or intrusion -exchanges with the Indian Ocean are ignored as well. All inter basin transfers are set at zero.
The net inflow is divided into "Landscape ET" (green water consumption -the direct ET from rainfall) and "Blue water" (water in streams, lakes, reservoirs, snow cover, glaciers and aquifers). The "landscape ET" accounts for 344 km 3 (66 % of the net inflow 10 and 71 % of total gross precipitation). This is a substantial water volume that can hardly be managed. The blue water is 180 km 3 , being 34 % of the net inflow.
The major water consuming land use category is the group MWU. The total water consumption by MWU accounts for 264 km 3 , slightly over 50 % of the net inflow. Of 264 km 3 water consumption by MWU, 107 km 3 (or 41 %) is directly from rainfall over the 15 irrigated areas, urban areas, and reservoirs; thus part of landscape ET. The remaining incremental ET (157 km 3 ) originates from utilized water flows.
The other components of the landscape ET include ET from CLU, ULU, and MLU. Within the "landscape ET" the group ULU takes up 178 km 3 of water which makes it the second largest water consumer. These are the savanna, forests, deserts, natural 20 lakes which all provide ecosystem services. The group MLU (essentially rainfed crops) consume 44 km 3 and the group CLU uses only 15 km 3 . Table 2 shows the breakdown of ET by LULC classes within these groups. Based on the Inter-provincial Water Apportion Accord 1991, an amount of 12.3 km 3 of flow should be set aside annually to meet the environmental flow requirements to 25 curb sea water intrusion in the Indus delta (Ram, 2010) . This water volume, based on water rights formulation, is treated as reserve flow in WA+. The difference between the total blue water and the reserved flows (167 km 3 ) is the available water of which 157 km 3 is consumed by MWU as a result of water diversions and 1 km 3 flows to sinks 12930 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | (i.e. saline groundwater aquifers) and renders it unavailable for further use due to quality degradation. Utilizable flow, the difference of available water and utilized water, is estimated at 8 km 3 for 2007. Utilizable flow represents the amount that is available for further water resources development. But to establish the amount reliably would need a multi-year assessment. The notable point is that the Indus Basin has some surplus 5 water leaving the basin while it is losing its precious ground water storage at a fast rate. With better storage and artificial recharge regulations, utilizable flow can be used to reduce storage depletion. The total depleted water in the Indus Basin is 502 km 3 and it happens almost entirely through ET process (501 km 3 ). One km 3 of depleted water ends up in sinks and gets 10 added to the polluted water storage (∆S p ). An amount of 21.3 km 3 water flows into the Indian Ocean. This figure was derived from discharge measurements.
Consumptive use sheet
The WA+ consumptive use sheet (Fig. 3 ) divides the total ET into evaporation (E ), transpiration (T ) and interception (I) for each LULC ( Table 2 ). The consumptive use sheet 15 also expresses the benefits, and the WA+ user can insert a judgment value to estimate to what extent water is consumed beneficially. Figure 4 shows the WA+ consumptive use sheet for the Indus. For this example all the transpiration is assumed to be 100 % beneficial except for transpiration from floating vegetation in reservoirs, waste lands and weeds. All the interception is non-beneficial and except for evaporation from nat-20 ural lakes and industries (e.g. cooling towers, hydropower, etc.) all the evaporation is 100 % non-beneficial. These proportions of beneficial and non-beneficial E and T can be defined/modified by users based on their judgment. In terms of total volume, T comes second to E . This implies that bare soil E is the main process through which water is depleted. In the accounting year, 261, 229, and 12 km 3 were depleted by E , T and I, respectively. As a consequence, beneficial water consumption is limited to only 50 % of total water consumption. It comprises of beneficial E (22.5 km 3 ) plus 228.5 km 3 beneficial T . Non-beneficial consumption accounts 12931
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | for 251 km 3 , with non-beneficial E being the major contributor (238 km 3 ). As demonstrated in Fig. 2c , this occurs mainly in the downstream areas of the Sindh province. The total agricultural water consumption is 297 km 3 , out of which 165 km 3 occurs via T and 132 km 3 through E and I. This is an unfavorable situation that requires corrective action. For typical situations in the irrigation systems of Pakistan, T is 2/3 of the total 5 ET ( Ahmad et al., 2002) .
Productivity sheet
Biomass production by LULC class is an indication of profits in terms of food, feed and fiber (see Fig. 4 ). The total biomass production in the accounting year was 1015 million tons (Mt), which translates into an average production of 8.8 t ha −1 yr −1 when taking 10 into account the gross basin area. Results show that MWU is the major contributor to biomass production (596.7 Mt and 21.4 t ha −1 ). MWU is followed by ULU that produces 356 Mt of biomass in accounting year, equal to 5.8 t ha −1 . The remaining two classes MLU and CLU have minor shares in the total biomass production.
Water consumption indirectly results in sequestering a total of 584 Mt of CO 2 in the 15 Indus Basin as a consequence of fresh biomass production. As the ecosystem of each LULC class has a certain maximum value of standing biomass, part of the total standing biomass will be decayed by natural death and competition among species. This decay is not included in the production sheet, because the sheet accounts for carbon assimilation only. The annually sequestered carbon varies with land use class. A large 20 part of the sequestered carbon in biomass of crops is removed from the field after harvest, except when crop residuals are ploughed back. The carbon value of each land use class is expressed as a fraction of the annually produced biomass (not shown). The absorption of 390.8 Mt of carbon annually shows the important role of that ULU in carbon absorption and thus as an environmental services provider. The figure translates to 6.4 t ha −1 which is higher than the average 5.1 t ha −1 of CO 2 in the basin. MWU is the second major land use group in terms of carbon sequestration. It removes 160 Mt 12932 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | of CO 2 , equal to 5.7 t ha −1 , from the atmosphere and creates soil organic matter. CLU contributes to 23 Mt of CO 2 sequestration followed by MLU with 10.3 Mt CO 2 . Note that this is the gross sequestration and that net sequestration due to natural decay is not considered.
Land productivity was calculated for a hypothetical cereal reference crop with a har-5 vest index of 0.35. Land productivity represents a mixture of crops and is therefore a better expression than crop yield. In the irrigated sector, the average annual land productivity is about 7.8 t ha −1 yr −1 . This figure in most areas represents the harvest of two seasons. For a single crop it would be 3.9 t ha −1 , a value that is realistic for the cereals. Land productivity for rainfed agriculture is estimated at 0.94 t ha −1 . With technical 10 assistance, this could be increased. Water productivity (WP) is a fundamental indicator in performance assessment of river basins and it has immense food security implications (Molden, 2007) . In the Indus Basin WP in terms of biomass production per hectare is close to 2 kg m −3 . MWU has the highest biomass WP among all the land use groups (2.3 kg m −3 ). It is followed 15 by 2.0, 1. 
Withdrawal sheet
The WA+ withdrawal sheet provides information on total withdrawal (surface water diversions and groundwater abstractions). The withdrawn water from surface and groundwater systems is that which is consumed by crops, open water bodies, industries, domestic uses, etc. The non-consumed water returns to the hydrological system.
5
The return flow is partitioned into surface water and groundwater. Withdrawal data cannot be derived from satellite measurements. Other sources, such as secondary statistics and hydrological model outputs, need to be consulted if available. For the Indus Basin, in addition to the remotely sensed data, FAO Aquastat database, canal water release information from the Line Agencies and Soil and Water Assessment Tool 10 (SWAT) model results, were used to complete the WA+ withdrawal sheet. The SWAT modeling results -after assimilating the remote sensing data -showed that an amount of 181 km 3 of water is diverted for use in agriculture in 2007 (Cheema, 2012) . Of this 68 km 3 originates from groundwater while surface water contributes 113 km 3 . Of the 181 km 3 gross withdrawal for irrigation, 152 km 3 is consumed by ET 15 and the remaining non-consumed water (30 km 3 ) is recovered in the system. Aquastat estimates withdrawals for domestic and industrial uses as 1.8 and 12.2 km 3 a year respectively; a combined withdrawal of 14 km 3 . Out of this an amount of 4.6 km 3 is consumed by ET which leaves the majority to be non-consumed (9.4 km 3 ). The total ET from the LULC class urban and industrial settlements is 8.7 km 3 larger than the 4.6 km 3 20 (see Table 2 ), but part of the ET is attributed to rainfall. The incremental ET from reservoir operation is 1 km 3 , which by itself is a large volume, but relatively small compared to the other MWU classes (0.5 %). Figure 6 shows the WA+ withdrawal sheet for the Indus Basin. Gross withdrawals in the accounting year is estimated at 196 km 3 , out of which 118 km 3 is diverted from surface water systems and the rest (78 km 3 ) was 25 pumped out from aquifers. After correction for non-recoverable flow to sinks, the recoverable flow will be 37.8 km 3 . The total return flow is partitioned between surface water (SW) and 12934 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | groundwater (GW) systems using a fraction derived from SWAT. The return flows are estimated to be 21.6 and 16.7 km 3 for SW and GW respectively. There is also the direct interaction between SW and GW within MWU. Seepage from irrigation canals is responsible for 38 km 3 flowing from SW to GW (Cheema, 2012). The flow from GW to SW is 20 km 3 (Fig. 5) . A mass balance of the bulk aquifer indicates that groundwater 5 storage depletion in MWU alone is 43.3 km 3 . The feeding of aquifers from the other LULC classes that have no withdrawals is however not considered. Van Steenbergen and Gohar (2005) estimated this amount to be 14 km 3 , leaving the ∆S gw to be approximately 29.3 km 3 . The value for ∆S gw found in the water resources sheet was 29.8 km 3 , a value being very similar. 10 
WA+ performance indicators
The WA+ offers a range of standard indicators (see Table 3 ). Every sheet comes with its own indicators that are derived from information in the sheets (Karimi et al., 2012) . The WA+ resource base sheet indicators include a storage change fraction, a blue water fraction, an available water fraction, a basin closure fraction, and a reserved flow 15 fraction. The blue water fraction (BWF) represents the portion of blue water in the net inflow. The storage change fraction (SCF) defines the portion of storage change in blue water. BWF is closely related to the run-off coefficient in a basin. However, it also includes storage change. A high BWF can be due to a high run-off coefficient or a high use of water from storage. The Indus Basin with a BWF of 0.34 falls in the category 20 of basins with a high BWF. This is partly due to use of storage, revealed by the low negative SCF of −0.23. Available water fraction (AWF) indicates the proportion of the blue water that is actually available for withdrawals after corrections for reserved flows. The AWF of the Indus Basin is calculated at 0.93 which indicates that the basin's water commitments are not a constraining factor for allocations.
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Basin Closure Fraction (BCF) describes the extent to which available water is utilized in a basin. While a BCF value of 1 indicates all available water is utilized, a BCF value 12935 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | of higher than 1 implies that utilized water has surpassed the available water and is drawing from reserved flows. The Indus with a BCF of 0.95 falls among basins in which utilized water is reaching its maximum in terms of volume. This leaves a limited window for further increases in withdrawals. Reserved flow fraction (RFF) defines whether or not surface water outflow is meeting 5 the required reserved flow. A RFF of 0 to 1 means that reserved flows are met, whereas values more than 1 indicate that the system has not released enough water to satisfy demands. The RFF in the Indus Basin is estimated at 0.58 which suggests that outflows from the basin are almost two times bigger than reserved flows. However, most of these outflows (17.1 km 3 ) take place during the wet season (Kharif); outflow during the dry 10 season (Rabi) is only 4.2 km 3 . This echoes the need for additional storage facilities in the basin to maintain environmental flow throughout the year. A reservoir also facilitates the re-distribution of water throughout the year. The WA+ consumptive use sheet has five indicators namely a transpiration fraction, a beneficial fraction, a managed fraction, an agricultural ET fraction, and an irrigated ET 15 fraction. The transpiration fraction gives an indication of which part of the consumptive use is vaporized via plant leaves. For the Indus Basin the ratio is 0.46, meaning the majority of water consumption in the basin is through soil and water evaporation and interception of canopies and other wet surfaces; something that is unfavorable.
The managed fraction represents the portion of ET that is related to any human inter-20 ventions (MLU, MWU), and can be used to help save water (Seckler, 1996) . MWU includes both rainfed and irrigated systems, as well as industrial and domestic uses. The managed fraction for the Indus Basin in the accounting period is 0.61 which that human activities in the basin dictate consumption of water to a large extent. The agricultural ET fraction in the basin is 0.59 which shows that agricultural activities are intense wa-25 ter consumers. The reason is the extremely large extent of agriculturally related LULC area that covers almost 40 % of the total area of the basin. The irrigated ET fraction for the basin is 0.85, which indicates that 85 % of agricultural water consumption is through irrigated systems.
The productivity sheet indicators are meant to reflect the basin's performance in productive use of land and water resources. Land productivity in cropped areas in the Indus Basin is estimated at 5020 kg ha −1 yr −1 (rainfed: 938 kg ha −1 ; irrigated: 7768 kg ha −1 ). Land productivity of pastures is essential for grazing. Pasture productivity can also be used to value pastures in terms of economic benefit. Land productivity 5 of pastures is about 0.18 t ha −1 yr −1 , which is a relatively low figure due to desert conditions. Food irrigation dependency deals with the level to which a basin relies on irrigated agriculture for food production. The ratio is 0.9 for the Indus Basin indicating that food security is highly dependent on continued irrigated agriculture. Basin level efficiency is an indication of the efficacy of irrigation from a basin-wide- 10 approach. It has more meaning than traditional farm and irrigation scheme level efficiencies. Results show the basin enjoys a relatively high effective efficiency of 0.84 at basin level (Keller and Keller, 1999) despite its low irrigation application efficiency of 0.35 to 0.40 (Qureshi, 2011) . Hence, in general, the system is efficient in capturing and reusing water losses from farms and conveyance canals through the natural ge-15 ographic setting. Thus in spite of common belief that have reduction of losses at the center of proposed solutions, it is herewith demonstrated that these losses are largley captured and reused by downstream users. The recycling factor for the basin (0.2) indicates than 20 % of the gross water withdrawals are recovered into the hydrological system and reused through surface and groundwater systems. 20
Alternative solutions
Water accounting results demonstrate that there is limited scope for more water withdrawals in the basin and almost no opportunity to allocate more water for agriculture.
In the remarks column of Table 3 a number of problems that need more attention are listed. It should be noted that this paper is not dealing with solutions for the Indus. The Given these circumstances, solution should be sought to address critical requirements. The main requirements are (i) zero over-exploitation, and (ii) a better food security.
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Using the WA+ framework to achieve these targets is explored through 3 different scenarios (Table 5 ).
To meet the first goal the storage depletion must be avoided. In 2007 the storage changes of groundwater and surface water were −29.8 and −9.4 km 3 , respectively. Hence, assuming 2007 as a representative year, a real water saving of 39.3 km 3 needs 15 to be achieved.
Given the excessive amount of E in agricultural areas, especially in the irrigated sector, reduction in E could result in major water savings and thus can be explored as on option. Figure 6 shows E/ET. Excessive evaporation is observed in the shallow water table and water logged areas in the south western part of the basin, in the Sindh 20 province, and also in the south western part. There are several methods to reduce soil evaporation. Methods such as the use of drip systems and subsurface drip systems can significantly reduce soil evaporation losses of irrigated land (Wang et al., 2009) . In rainfed systems, soil evaporation can be reduced by mechanical mulching (Prathapar and Qureshi, 1999) or by straw mulching (Zhang et al., 2003) . E can also be reduced 25 in shallow water table areas by means of installation of sub-surface drainage systems (Smedema, 2000) .
The need to reduce soil evaporation becomes clear from the following analysis: in nearly 8.8 million ha of irrigated lands in the basin E accounts for more than 40 % of ET. Limiting E to 40 % of the total ET would result in a net saving of 7.7 km 3 of water. 5 Water saving would increase significantly to 13.3 km 3 if E/ET < 0.36 is introduced in irrigated areas.
If the increasing food demands are to be met, then agricultural production needs to be improved. Since land productivity is genuinely low, it is imperative to investigate options to improve yields. Crop yield is a function of biomass production and harvest 10 index. The biomass production can be improved by better fertilization and the selection of good quality seeds. The uniformity, adequacy and reliability of irrigation systems contribute to the production of a healthy biomass (Murray-Rust et al., 1994) . Uniform water distribution by means of drip systems and land leveling will ensure a low spatial variability of biomass. Adequate irrigation prevents moisture stress and reliable surface 15 water supply will ensure that farmers invest more time and resources in their crop. With these measures a 5 % increase in biomass production is plausible. The harvest index varies mainly with crop variety and the soil moisture situation during flowering and panicle stage. An adequate supply during this critical period can increase the harvest index by 5 to 10 % (Doorenbos and Pruitt, 1977) . A consequence of more biomass produc-20 tion is that T will increase. Steduto et al. (2009) established an empirical relationship between biomass production and T which forms the basis of the AquaCrop model. Every increase of 1 mm in T -normalized against reference ET 0 -will increase biomass production by 13 kg ha −1 . So biomass production improvement will increase ET, unless E is reduced concomitantly. Thus ET reduction can be achieved only if the reduction of 25 E exceeds the increase of T . It is not new to conclude that the crop water productivity in the Indus Basin is low (Bastiaanssen et al., 2003; Cai and Sharma, 2010 ). In a system like the Indus simple and inexpensive techniques such as improved irrigation scheduling and sufficient 12939 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | drainage along with replacing traditional irrigation method with micro-irrigation systems, will help not only to increase yields but also to cut back on evaporative losses and increase uniformity, reliability and adequacy (Kahlown et al., 2007) . By reducing E , increasing T and increasing yield, water productivity is expected to increase. Table 4 demonstrates the real water savings and the adjusted WA+ indicators under 3 sce-5 narios, which are built around existing options to achieve water saving and better food security targets.
Alternative A is based on some mixed interventions, however it will not bring sufficient real water savings. Scenario B is based on reducing soil evaporation losses by mulching, drainage and micro-irrigation (drip and micro-sprinkler). Note that micro-10 irrigation will contribute to crop production and crop water productivity (Soman, 2012) . Sub-surface irrigation is rapidly being adopted in India, and the same is feasible in Pakistan. Hence farmers have a better future with improved livelihoods if scenario B is adopted by policy makers. Figure 7 shows the WA+ resource base sheet after implementing scenario B. Alternative C is based on a land retirement plan. This is likely 15 going to happen if other interventions are not timely implemented.
Policy makers have to make a choice between these options. Proposed actions are feasible, provided that large scale programs are started to advocate land leveling, micro-irrigation, canal water operations, on-farm water management, subsurface drainage systems, salinity control, maintenance of irrigation and drainage canals, etc. 20 Simultaneously, crop yield improvement through breeding should be revitalized and selection of foreign varieties should be encouraged. The role of fertilizer advice from supplier industries to boost biomass production of crops should be encouraged. Such interventions may need a significant micro-credit and loan program, as many smallholders need to invest in order to end up with higher achievements. WA+ demonstrates that 25 with these interventions, the future of the Indus Basin will be more progressive.
It is important to note that the above analyses are only based on results of water accounting in 1 yr (2007) and are merely to demonstrate how the WA+ functions in scenario development and assessment. Therefore results must be treated with caution and future research through multiple year analysis is required to validate the outcomes.
Summary and conclusions
Future sustainability of the Indus Basin is threatened by a host of issues, such as water scarcity, rapid population growth, groundwater over exploitation, water logging, and low 5 productivity of land and water resources. A clear understating of current water flows is the cornerstone for informed water management strategies for the future. However, data availability and a standard way of presenting data are two main obstacles in providing comprehensive, yet easy to comprehend, information on water management.
In this study we used the Indus Basin as an example to demonstrate how the WA+ 10 framework can be implemented to provide much-needed explicit information on the water resources situation, uses, and productivity, in a systematic way by using minimum ground measured data and how the accounting results can be used to identify weaknesses, strengths, and opportunities.
The results show that the Indus Basin is nearly a closed basin in which more than 15 95 % of the available water is used. Almost all depleted water can be ascribed to ET. The Managed Water Use group, chiefly dominated by irrigated agriculture, accounts for 52 % of ET. It is followed by the Utilized Land Use (36 %), Modified Land Use (9 %) and Conserved Land Use (3 %). Half of the water consumption is through processes that produce very little or no benefits, i.e. non-beneficial use. The majority of these non- 20 beneficial uses is through human intended water consumption, particularly through irrigated agriculture in the form of excessive soil evaporation. On the supply side, precipitation falls short of meeting the water demand. This puts pressure on the water storage and leads to significant reduction in storage, especially groundwater storage (29.8 km 3 in 2007). Such a fast decline in GW storage has major 25 implications for the sustainability of the basin considering the crucial role that GW plays in the basin's food security.
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